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ABSTRACT
The recent detection of gravitational waves and electromagnetic counterparts from the double neu-
tron star merger event GW+EM170817, supports the standard paradigm of short gamma-ray bursts
(SGRBs) and kilonovae/macronovae. It is important to reveal the nature of the compact remnant
left after the merger, either a black hole or neutron star, and their physical link to the origin of the
long-lasting emission observed in SGRBs. The diversity of the merger remnants may also lead to
different kinds of transients that can be detected in future. Here we study the high-energy emission
from the long-lasting central engine left after the coalescence, under certain assumptions. In par-
ticular, we consider the X-ray emission from a remnant disk and the non-thermal nebular emission
from disk-driven outflows or pulsar winds. We demonstrate that late-time X-ray and high-frequency
radio emission can provide useful constraints on properties of the hidden compact remnants and their
connections to long-lasting SGRB emission, and we discuss the detectability of nearby merger events
through late-time observations at ∼ 30 − 100 d after the coalescence. We also investigate the GeV-
TeV gamma-ray emission that occurs in the presence of long-lasting central engines, and show the
importance of external inverse-Compton radiation due to up-scattering of X-ray photons by relativistic
electrons in the jet. We also search for high-energy gamma-rays from GW170817 in the Fermi-LAT
data, and report upper limits on such long-lasting emission. Finally, we consider the implications of
GW+EM170817 and discuss the constraints placed by X-ray and high-frequency radio observations.
Keywords: gamma-ray burst: general — gravitational waves — stars: magnetars
1. INTRODUCTION
The gravitational wave (GW) event, GW170817,
reported by the advanced Laser Interferometer
Gravitational-Wave Observatory (LIGO) and the
advanced Virgo Observatory, has been established as
the first observation of a GW signal from a neutron
star – neutron star (NS-NS) merger (Abbott et al.
2017b). Almost simultaneously with the GW signal,
the Fermi Gamma-ray Burst Monitor (Fermi-GBM)
and the Anticoincidence Shield for the Spectrometer
for the International Gamma-Ray Astrophysics Lab-
oratory (INTEGRAL) detected a short gamma-ray
burst (SGRB), GRB 170817A, at a consistent loca-
tion (Abbott et al. 2017c; Savchenko et al. 2017). An
ultraviolet, optical, and infrared (IR) counterpart of
the burst were also detected, hours later, allowing for
accurate identification of the host galaxy, NGC 4993,
at a distance of ∼ 40 Mpc (see Abbott et al. 2017a, and
references therein).
The optical/IR counterpart of GW170817 is
consistent with energy injection from the ra-
dioactive decay of neutron-rich heavy nuclei with
mass M ∼ 0.02 − 0.05 M⊙ (e.g., Arcavi et al.
2017; Chornock et al. 2017; Coulter et al. 2017;
Cowperthwaite et al. 2017; Drout et al. 2017;
Kasliwal et al. 2017; Kilpatrick et al. 2017;
McCully et al. 2017; Nicholl et al. 2017; Pian et al.
2017; Rosswog et al. 2017; Shappee et al. 2017;
Smartt et al. 2017; Tanaka et al. 2017; Tanvir et al.
2017; Utsumi et al. 2017), and the observational data
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are well explained by kilonova/macronova emission
that was theoretically predicted (Li & Paczyn´ski 1998;
Kulkarni 2005; Metzger et al. 2010) and had been
anticipated as a GW counterpart (Sylvestre 2003).
This observation also supports the simple scenario that
r-process elements observed on the Earth dominantly
originate from compact mergers involving neutron
stars (Lattimer & Schramm 1976; Eichler et al. 1989;
Wanajo et al. 2014). See Metzger (2017) for a summary
of the kilonova developments.
NS-NS mergers have also been believed to be the
progenitors of SGRBs (Paczynski 1986; Eichler et al.
1989; Me´sza´ros & Rees 1992; Narayan et al. 1992). The
precise origin of the gamma-rays in GRB 170817A
is however under debate. If a canonical SGRB jet
had been directed to the Earth (i.e. on-axis GRB
events), that event would have produced exceedingly
bright gamma-rays and multi-wavelength afterglow
emission (e.g., Abbott et al. 2017c; Savchenko et al.
2017; Fong et al. 2017; Kasliwal et al. 2017). The
fact that the observed GRB prompt emission was
weak has led to intense discussions about several
scenarios such as off-axis emission from a canonical
SGRB jet, or on-axis/off-axis emission from a struc-
tured jet with a wide-opening angle mildly relativistic
component, and breakout emission from a mildly
relativistic cocoon resulting from the jet-ejecta in-
teraction (e.g., Bromberg et al. 2017; Burgess et al.
2017; Gottlieb et al. 2017; Ioka & Nakamura 2017;
Kasliwal et al. 2017; Lamb & Kobayashi 2017;
Murguia-Berthier et al. 2017; Salafia et al. 2018;
Shoemaker & Murase 2017; Troja et al. 2017;
Xiao et al. 2017; Zhang et al. 2017). On the other
hand, the late-time X-ray and radio data can be most
naturally explained by off-axis afterglow emission from
the canonical SGRB jet (e.g., Alexander et al. 2017;
Evans et al. 2017; Hallinan et al. 2017; Margutti et al.
2017; Troja et al. 2017), supporting the connection
between SGRBs and NS-NS mergers.
Whether the merger remnant is in general a
black hole or neutron star is an open ques-
tion. Although numerical general relativity simu-
lations have suggested that the birth of a rapidly-
rotating, massive NS just after the coalescence is
ubiquitous (e.g., Shibata & Uryu 2000; Shibata et al.
2005; Sekiguchi et al. 2011; Hotokezaka et al. 2013;
Kiuchi et al. 2017), the fate of the remnant depends
on some details such as the equation of state (EoS)
and the total mass of the two NSs. Later, the massive
NS may collapse into a black hole (BH), and the BH
may be accompanied by a remnant disk. Alternatively,
the massive NS may be long-lived and may power the
merger ejecta via pulsar winds that become Poynting-
dominated at late times, which could be the case es-
pecially for low-mass NS-NS binaries. See Shibata et al.
(2017); Margalit & Metzger (2017) for discussions about
GW170817.
Long-lasting activities of such a merger remnant may
be imprinted in the observed high-energy emission.
Indeed, some indirect clues have been found in the
SGRB data. Whereas SGRBs are mainly detected as
short hard bursts with a duration of ∼< 2 s (e.g., Piran
2004; Nakar 2007; Gehrels et al. 2009; Berger 2014;
Ackermann et al. 2013), it is known that a good fraction
of SGRBs have late-time emission such as extended
softer emission, X-ray flares, and plateaus (Evans et al.
2009; Chincarini et al. 2010; Margutti et al. 2011;
Sakamoto et al. 2011; Rowlinson et al. 2013;
Kagawa et al. 2015; Kaneko et al. 2015; Lien et al.
2016; Kisaka et al. 2017), and even longer myste-
rious X-ray excess emission was reported for GRB
130603B (Fong et al. 2014), which is known to
be coincident with the kilonova/macronova candi-
date (Berger et al. 2013; Tanvir et al. 2013). Resulting
GeV-TeV gamma-ray emission (Wang et al. 2006;
Murase et al. 2011) and high-energy neutrino emis-
sion (Murase & Nagataki 2006; Kimura et al. 2017)
have also been studied. These components can
be most naturally interpreted as signatures of the
long-lasting central engine. The engine can be a
spinning BH with a fall-back disk (e.g., Rosswog 2007;
Nakamura et al. 2014; Kisaka & Ioka 2015), where
the jet may be powered by the Blandford-Znajek
mechanism (Blandford & Znajek 1977). Alternatively,
the engine could be a long-lived spinning NS or massive
pulsar/magnetar if the EoS allows a relatively large
maximum non-rotating NS mass (e.g., Dai & Lu 1998;
Zhang & Me´sza´ros 2001; Dai et al. 2006; Fan & Xu
2006; Metzger et al. 2008). In the latter model, even
brighter transients could be produced by the pul-
sar/magnetar wind nebula hours to days after the
merger (Yu et al. 2013). However, the physical link
between long-lasting SGRB emission and compact rem-
nants of NS-NS mergers remains missing. High-energy
emission can be useful to reveal the compact remnants
and their physical roles.
The organization of this work is as follows. In Sec-
tion 2, we consider the high-energy implications of com-
pact merger remnants at late times. In particular, we
study high-energy emission from a BH with a remnant
disk and a long-lived pulsar, and investigate X-ray, ra-
dio, and gamma-ray signatures. Then, we discuss X-
ray and radio implications of GW+EM170817. In Sec-
tion 3, we consider external inverse-Compton radiation
by a relativistic jet as one of the gamma-ray signals de-
tectable by Fermi and imaging atmospheric Cherenkov
telescopes. We also search for GeV-TeV gamma-ray
counterparts of GW170817 within the Fermi-LAT data,
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and discuss the implications of the results of this search.
In Section 4, we summarize our results and describe
prospects for future multi-messenger observations.
2. HIDDEN COMPACT REMNANTS AND
LONG-LASTING ENERGY INJECTIONS
As a result of NS-NS mergers, the mass ejection hap-
pens through tidal stripping from the NSs, shock heat-
ing at the interface of the merging NSs, and disk-
driven wind/outflow mass losses mainly via viscous
heating and magnetohydrodynamic turbulence (see re-
views, e.g., Rosswog 2013; Ferna´ndez & Metzger 2016;
Tanaka 2016, and references therein). Observations
of GW+EM170817 consistently suggest a post-merger
ejecta mass of M ∼ 0.02 − 0.05 M⊙. The ejecta are
heated by radioactive nuclei synthesized at the vio-
lent coalescence, leading to an optical-IR emission, the
so-called kilonovae/macronovae (Ferna´ndez & Metzger
2016; Tanaka 2016; Metzger 2017). Throughout this
work, we use the values of the post-merger ejecta
mass and velocity, motivated by the observations of
GW+EM170817. However, our purpose is rather to pro-
vide a general study on possible roles of the central en-
gine, so we consider a variety of high-energy signatures,
including cases that are very different from the case of
GW+EM170817.
In addition to radioactive decay heating, one expects
additional energy injection by a BH with a disk or long-
lived NS. For the purpose of revealing associated non-
thermal signatures, we consider the following simplified
toy model. The evolution of the thermal energy (Eth) is
described by
dEth
dt
= Q−
Eth
R
dR
dt
− Lth, (1)
where R is the ejecta radius and V = dR/dt is the
ejecta velocity. To calculate the evolution of quanti-
ties such as Eth, V and R, we follow Kashiyama et al.
(2016) and Omand et al. (2017), which were calibrated
to calculate supernova light curves (Arnett 1982). Here
Q = Qrah + Qnth is the total thermal energy deposi-
tion rate, and Qnth = f
dep
nth E˙nth is the heating rate by
the absorption and scattering of non-thermal radiation
(where fdepnth is the energy deposition fraction for ther-
mal energy, and E˙nth is the energy production rate).
For the radioactive heating rate, Qrah, we adopt the
parametrization of Hotokezaka et al. (2017b). The total
energy production rate including gamma-rays, α parti-
cles, and spontaneous fission may be higher than this
parametrization by a factor of 3− 10 (cf. Metzger et al.
2010; Wanajo et al. 2014), but the resulting luminos-
ity depends on microphysical details of the thermaliza-
tion (Barnes et al. 2016). For the purpose of this work,
details of the treatment are not important, and the ap-
proximate modeling of the optical/IR emission is suffi-
cient within uncertainty of nuclear physics. We adopt
the normalization, qrah = 10
10 erg cm−3 g at Z¯ = 100
and A¯ = 200, following Wanajo et al. (2014), and the
late-time bolometric light curve of GW+EM170817 is
basically reproduced with a post-merger ejecta mass of
M ∼ 0.02M⊙ with an ejecta velocity of V ∼ 0.2 c, which
is consistent with other studies on GW+EM170817.
The luminosity of thermal radiation is calculated from
Lth =
Eth
tejesc
(2)
where tejesc = min[1, τ
ej
T ]R/c is the escape time of the
thermal radiation, τejT ≈MK/4πR
2 is the optical depth
to scattering with electrons in atoms (where the co-
efficient depends on details of the velocity profile of
the ejecta), and K is the opacity at optical and IR
bands, which depends on the mass composition and
ionization state of the post-merger ejecta. The ob-
servations of GW+EM170817 suggest that the opti-
cal/IR emission consists of blue and red components.
Although details of their physical origin are still un-
der debate, one of the interpretations is that the latter
comes from r-process nuclei entrained in the dynami-
cal ejecta. In such neutron-rich, dynamical ejecta, a
high opacity of K ∼ 5 − 10 cm2 g−1 is expected (e.g.,
Kasen et al. 2013; Tanaka et al. 2017), whereas rela-
tively lanthanoid-free disk winds may have a lower opac-
ity of K ∼< 1 cm
2g−1 (e.g., Barnes & Kasen 2013).
To study high-energy signatures produced by a com-
pact remnant, we consider two examples: a BH with a
fall-back disk and a long-lived pulsar. In the former sce-
nario, the accretion disk around a stellar-mass BH is nat-
urally accompanied by X-rays as seen in ultra-luminous
X-ray sources. In addition, as often considered in the
context of GRBs, dissipation via shocks or magnetic re-
connection may naturally occur in ultrafast disk-driven
outflows or in relativistic pulsar winds. Then particle
acceleration is expected to occur, and we calculate the
resulting non-thermal radiation, including effects of elec-
tromagnetic cascades. We solve the following kinetic
equations (Murase et al. 2015):
∂neEe
∂t
=
∂n
(γγ)
Ee
∂t
−
∂
∂Ee
[(PIC + Psyn + Pad)n
e
Ee ] + n˙
inj
Ee
,
∂nγEγ
∂t
=−
nγEγ
tγγ
−
nγEγ
tesc
+
∂n
(IC)
Eγ
∂t
+
∂n
(syn)
Eγ
∂t
+ n˙injEγ , (3)
where tγγ is the two-photon annihilation time, tesc is the
photon escape time from the nebular region, ∂n
(γγ)
Ee
/∂t
is the electron-positron injection rate via γγ → e+e−,
PIC is the inverse-Compton energy-loss rate, Psyn is the
synchrotron energy-loss rate, and Pad is the adiabatic
energy-loss rate. Particle injection rates, n˙injEγ and n˙
inj
Ee
,
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are determined by energy injection from the central en-
gine. We here include relic particles as well as freshly
injected particles, which is relevant when the particle
injection rate declines more rapidly than ∝ t−1.
High-energy emission from compact remnants of NS-
NS mergers is attenuated during the propagation of
photons in the ejecta, and we approximately imple-
ment an energy-dependent opacity. Note that X-rays,
MeV gamma-rays, GeV-TeV gamma-rays, and radio
waves are attenuated via different physical processes.
Thus, multi-wavelength and multi-messenger observa-
tions from radio waves to GeV-TeV gamma-rays can
provide us with independent probes of the merger ejecta.
For X-rays, we exploit the mass energy-transfer coef-
ficient, KˆX , where we use the mass energy-transfer co-
efficient data provided by NIST 1. For simplicity, we
consider two cases. In the high-opacity case (K =
10 cm2 g−1 in the optical/IR band), which is expected
in the neutron-rich ejecta with Ye ∼ 0.1−0.2, we assume
the mass composition averaged over xenon and gold. In
the modest opacity case (K = 0.3 cm2 g−1 in the opti-
cal/IR band), which is expected in the lanthanoid-free
ejecta with Ye ∼ 0.3− 0.4, we assume the mass compo-
sition averaged over selenium and iron. The difference
becomes irrelevant once the ejecta are optically thin for
X-rays. Note that the effective optical depth for X-rays
is given by fX = KˆXρR, and the interaction with matter
can essentially be treated as absorption. With fX = 1,
the hard X-ray breakout time is analytically estimated
to be
tHX−thin≃ 4.2× 10
6 s
(
KˆX
100 cm2 g−1
)1/2
×
(
M
0.02 M⊙
)1/2(
V
0.2 c
)−1
, (4)
where KˆX ∼ 100 cm
2 g−1 is a typical value at a photon
energy of E ∼ 10 keV but higher at lower energies, and
ρ ≈ [(3− δ)/(4π)](M/R3) is used with an inner density
profile of δ ∼ 1. We mainly consider cases where the
post-merger ejecta are not ionized (especially for elec-
trons in the inner shells of constituting atoms) by high-
energy emission from the disk emission or wind nebular
emission, in which our treatment gives conservative es-
timates of the X-ray flux.
Gamma-rays have an advantage in that the attenu-
ation cross section is much smaller than that of the
bound-free absorption in the keV range. Also, the opti-
cal depth for high-energy gamma-rays does not depend
on details of the ionization state. Compton scattering is
dominant in the MeV range, and the MeV gamma-rays
1 https://www.nist.gov/pml/x-ray-mass-attenuation-coefficients
escape at
tMeVγ−thin≃ 7.3× 10
4 s
(
KˆComp
0.03 cm2 g−1
)1/2
×
(
M
0.02 M⊙
)1/2(
V
0.2 c
)−1
, (5)
in the large inelasticity limit, which is valid for E ∼>
1 MeV (where the correction for bound states is also
small). Bethe-Heitler pair-production becomes impor-
tant above the pair-production threshold, which is more
important for heavier nuclei. The effective optical depth
is given by fBH ≈ (Z˜eff/2 + µ
−1
e )κBHσ
(p)
BH(ρ/mH)R,
where Z˜eff = Σi(2Z
2
i /Ai)xi, κBH ∼ 1 is the inelastic-
ity, and σ
(p)
BH ∼ 10
−26 cm2 is the Bethe-Heitler cross
section for γp → pe+e− at GeV energies. The condi-
tion fBH = 1 gives the GeV gamma-ray breakout time,
which is
tGeVγ−thin≃ 1.6× 10
5 s ([Z˜eff + 2µ
−1
e ]/50)
1/2
× (M/0.02 M⊙)
1/2
(V/0.2 c)
−1
. (6)
We calculate not only X-rays and gamma-rays, but
also radio waves, following Murase et al. (2016). We
take into account synchrotron self-absorption and other
relevant absorption processes. In particular, the free-
free absorption process is important. We expect that
the merger ejecta are nearly neutral at late times. To
get a relatively conservative estimate of the resulting ra-
dio flux, for the merger ejecta, we assume a singly ion-
ized material with a black body temperature, ignoring
the charge-screening effect. Radio emission could more
easily escape if the ejecta material is more neutral or the
temperature is higher than that of a black body, or the
composition is lighter.
2.1. Black hole with a remnant disk
SGRBs are known to show long-lasting activity.
X-ray extended emission continues for ∼ 100 −
300 s (e.g., Sakamoto et al. 2011; Kagawa et al. 2015;
Kaneko et al. 2015), and X-ray flares have been ob-
served even ∼ 104 − 105 s after the prompt emis-
sion (e.g., Chincarini et al. 2010; Margutti et al. 2011),
and plateau emission continues for ∼ 104 s (e.g.,
Evans et al. 2009; Rowlinson et al. 2013; Kisaka et al.
2017). Even longer mysterious X-ray excess emis-
sion, which cannot be explained by the simple energy-
injection afterglow model, was reported for GRB
130603B (Fong et al. 2014). The origin of the long-
lasting, flaring or plateau emission is thought to be in-
ternal. It is sometimes called late prompt emission, and
is attributed to internal dissipation in SGRB jets (e.g.,
Ghisellini et al. 2007; Murase et al. 2011). The most
common explanation has been that it originates from
the long-lasting central engine (e.g., Ioka et al. 2005).
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It is natural to expect that a fraction of the dynamical
ejecta fall back onto a central compact object, and the
fall-back material may power late-prompt emission of
SGRBs (Kisaka & Ioka 2015; Kisaka et al. 2016). The
mass fall-back rate can be written as
M˙d(t) =
2Md
3teje
(
t
teje
)−5/3
, (7)
whereMd is the fall-back disk mass, and teje is the char-
acteristic mass ejection time scale. The fall-back mass
rate has been estimated to be M˙0 ∼ 10
−4−10−3 M⊙ s
−1
for Md ∼ M ∼ 0.03 M⊙ and teje ∼ 0.01 − 0.1 s (e.g.,
Rosswog 2007; Rossi & Begelman 2009; Kisaka & Ioka
2015). The post-merger ejecta mass may be larger than
the dynamical ejecta mass, leading to a larger remnant
mass, while a disk-driven outflow or its radiation may
reduce or modify the fall-back accretion rate especially
at late times (Ferna´ndez et al. 2015).
On the other hand, a large mass-accretion rate is nec-
essary to explain SGRB long-lasting emission in such a
BH disk model. X-ray plateaus and flares are observed
at t ∼ 104 − 105 s, and the typical isotropic-equivalent
luminosity of plateau emission is L ∼ 1047 erg s−1. As-
suming radiation efficiency ǫγ , the jet efficiency, ηj , and
the beaming factor, fb ≈ θ
2
j /2 (where θj is the jet open-
ing angle), we have L = ǫγηjM˙dc
2/fb, leading to
M˙d ≃ 5.6× 10
−9 M⊙ s
−1 fb,−2ǫ
−1
γ,−1η
−1
j L47. (8)
The accretion mass needed to explain plateau emission
with duration 104 − 105 s can be as small as Md ∼ 6 ×
(10−5−10−4)M⊙. With a fall-back temporal index, the
above mass accretion rate at t = 1 s is extrapolated to be
M˙0 ∼ 0.03M⊙ s
−1. Even with ǫγ ∼ 1 and ηj ∼ 1 (which
may be possible in the magnetically-dominated state of
the disk), one needs M˙0 ∼ 3× 10
−3 M⊙ s
−1. Thus, we
would need a large accretion rate of M˙0 ∼> 10
−3 M⊙ s
−1
to explain the SGRB plateau emission.
In this work, we parametrize the mass accretion rate
to the remnant BH as
M˙d = M˙0t
−αacc , (9)
and we adopt αacc = 5/3. To illustrate the results,
we consider M˙0 = 10
−3 M⊙ s
−1 as a baseline case,
and take M˙0 = 10
−2 M⊙ s
−1 as an optimistic case.
It would be sufficient for us to demonstrate that late-
time high-energy observations can provide constraints
on M˙d, which is useful for the purpose of testing the
origin of long-lasting SGRB emission and its connec-
tion to NS-NS mergers. The mass accretion rate is
likely to largely exceed the Eddington rate at early times
of the fall-back mass accretion. We here consider two
phenomenological models, although details depend on
the physics of super-Eddington accretion onto the rem-
nant BH and dedicated radiative magnetohydrodynam-
ical simulations will be necessary.
First, we consider the disk emission model, assuming
that X-rays are produced by a corona of a fall-back disk
or a disk itself. Analogously to the slim disk model for
super-Eddington accretion flows (where photon trapping
is effective), one may expect the disk luminosity to be
Lmaxdisk = ηradLEdd = ηrad
4πGMremµemHc
σT
≃ 1.0× 1040 erg s−1
(ηrad
15
)(µe
2
)( Mrem
2.8 M⊙
)
,(10)
where ηrad ∼ 10 − 30 is possible in the slim disk
model with M˙d ≫ M˙Edd, depending on the ratio
of the disk outer radius and inner radius (Kato et al.
2008; Ohsuga et al. 2005). In this work, we adopt
Lmaxdisk = 10
40 erg s−1, with a spectrum dLE/dE ∝
E−2 exp(−E/Ecut) with Ecut = 100 keV at E ≥ 1 keV,
motivated by modelling of the observed coronal emission
from ultra-luminous X-ray sources (e.g., Kitaki et al.
2017). In the late phase, the accretion mode en-
ters the sub-Eddington regime with a typical efficiency
of ∼ 0.1. Note that we fix the spectral shape for
simplicity. The cutoff energy may be lower and can
be in the ∼ 1 − 10 keV range. We use Ldisk =
min[Lmaxdisk , 0.1M˙dc
2]. The transition occurs at ttr ≃ 1.4×
106 s (M˙0/10
−3 M⊙ s
−1)
3/5
(Lmaxdisk/10
40 erg s−1)
−3/5
.
A sample of “thermal” bolometric light curves is
shown in Figure 1, where the ejecta mass and veloc-
ity are assumed to be M = 0.02 M⊙ and V = 0.2 c,
respectively, and the thermal radiation essentially cor-
responds to kilonova/macronova emission with T ∼
103 − 104 K. In Figure 1, we show an example which
illustrates that late-time bolometric light curves can in
principle be modified by the disk emission. If a signif-
icant fraction of the accretion luminosity is converted
into radiation even at early times, the thermal radia-
tion should be modified, by which we can constrain the
model. This case corresponds to ttr ∼> 30 d, that is,
M˙0 ∼> 3× 10
−3 M⊙ s
−1 (Lmaxdisk/10
40 erg s−1). Note that
the disk emission does not affect the thermal bolometric
light curve in our fiducial case with M˙0 = 10
−3 M⊙ s
−1.
The results on X-ray spectra and light curves are
shown in Figures 2 and 3. X-ray spectra are signifi-
cantly absorbed at early stages, which are unlikely to
be observed until tHX−thin ∼ 10 − 50 d. We expect
that the disk luminosity cannot exceed the Edding-
ton luminosity by more than a factor of ∼> 10 − 100,
so detection of X-rays is possible only for nearby NS-
NS mergers at late times. Chandra, with sensitivity
EFE ∼ 10
−15 erg cm−2 s−1, may enable us to observe
the emission from a remnant BH with a disk left after
a NS-NS merger up to ∼ 30− 50 Mpc. The future mis-
6 Murase et al.
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Figure 1. Thermal bolometric luminosities from a NS-
NS merger. We show the case where thermal radiation
is mainly powered by radioactive decay of r-process ele-
ments and modified by X-ray emission from the disk with
Ldisk = 10
40 erg s−1 for demonstration purposes.
10-18
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disk emission, baseline (M=0.02Msun, V=0.3c, modest K)disk emission, baseline (M=0.02Msun, V=0.2c, high K)disk emission, optimistic (M=0.02Msun, V=0.3c, modest K)disk emission, optimistic (M=0.02Msun, V=0.2c, high K)
Figure 2. X-ray spectra from a BH with a remnant disk
in the disk emission model, at t = 106 s (thin curves) and
t = 107 s (thick curves). The distance is set to d = 40 Mpc.
Note that the baseline and optimistic cases are degenerate
at t = 106 s.
sion, Athena+ (Nandra et al. 2013), is planned to reach
a limiting sensitivity of EFE ∼ 10
−17 erg cm−2 s−1 in
the 0.2−2 keV range, by which the X-ray emission from
the accretion onto the remnant BH is detectable up to
∼ 300 − 500 Mpc. Effects of the mass composition on
the opacity can affect early-time fluxes by a factor of
∼ 10, which can be regarded as one of the uncertainties.
For X-ray observations, deep measurements at ∼
tHX−thin are important. If the observational limits reach
Ldisk ∼< LEdd, we can examine whether the accretion
mode is super-Eddington or not, which allows us to con-
strain M˙d and test the remnant disk model as the central
engine of long-lasting SGRB emission.
The above assumption that X-rays come from the disk
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Figure 3. X-ray light curves from a BH with a remnant disk
in the disk emission model, for E = 3 keV (thick curves) and
E = 30 keV (thin curves).
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Figure 4. High-frequency radio light curves from a BH with
a remnant disk in the dissipative outflow model, for ν =
1010 Hz (thin curves) and ν = 1011 Hz (thick curves).
or its corona may be reasonable when the mass accretion
rate is not far from that of ultra-luminous X-ray sources.
At earlier times, the disk radiation luminosity should not
largely exceed the Eddington luminosity, but the outflow
kinetic luminosity can be larger. A significant fraction
of the disk mass, ηw ∼ 0.1 − 1, may be ejected back
into space as an ultrafast outflow, perhaps by viscous
heating (e.g., Dessart et al. 2009; Ferna´ndez & Metzger
2013) and/or magnetohydrodynamic turbulence (e.g.,
Price & Rosswog 2006; Kiuchi et al. 2015) as well as ra-
diation pressure (e.g., Ohsuga et al. 2005; Jiang et al.
2014; Narayan et al. 2017). The velocity of such ultra-
fast outflows is expected to be Vw ∼ 0.05 − 0.3 c, de-
pending on mechanisms of the outflow production. The
properties of disk-driven outflows at later times seem
more uncertain. While in the presence of strong winds
the accretion rate may decline more rapidly than the
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fall-back rate, higher mass-loss rates seem necessary to
explain the long-lasting SGRB emission.
In this work, as the second phenomenological model,
we consider the dissipative outflow model for late-time
disk-driven winds. The disk-driven wind may simply
carry kinetic energy equal to that of the post-merger
ejecta, but it may cause interactions with the dynam-
ical ejecta if the late-time outflow has a high veloc-
ity Vw > Vej. We consider such a BH wind nebula
formed by the shock. At sufficiently late times, radia-
tion can escape into the ejecta and contributes to heat-
ing of the ejecta, and the shock velocity is estimated
to be (Lw/[2πρR
2
w])
1/3
in the ejecta comoving frame.
Note that the nebula size, Rw, should be limited by the
ejecta radius, R. A fraction of the kinetic energy may be
used for particle acceleration, where one can expect syn-
chrotron emission as considered in pulsar wind nebulae.
The kinetic energy of the outflow is written as
Lw = ηwM˙dV
2
w , (11)
and we set ηw = 0.3 and Vw = 0.3 c. In this work, we
only consider the acceleration of primary electrons with
a simple power-law injection. For simplicity, the spectral
index is set to s = 2.2, the electron injection Lorentz
factor is fixed to γe,i = 1, and the energy fractions of
non-thermal electrons is assumed to be ǫe = 0.1. We also
assume that ǫB = 0.003 of the outflow kinetic energy
MwV
2
w/2 is stored as the magnetic field, and we use a
wind mass of Mw = 0.02 M⊙. While this is sufficient as
an illustration, the value is highly uncertain.
We have found that detecting X-ray and gamma-ray
emission from a hidden BH disk wind is difficult for
our fiducial parameters, simply because the mass ac-
cretion rate quickly declines with time. However, as
shown in Figures 4, high-frequency radio emission may
be detectable. For example, ALMA has sensitivity
Fν ∼ 0.01 mJy at ν = 100 GHz. For our parameters,
the radio flux at the peak time (at ∼ 30 − 100 d) is
Fν ∼ a few µJy (d/40 Mpc)
−2, and then it decreases
as Fν ∝ t
−5/3 following M˙d. Note that the synchrotron
nebular spectrum in this BH disk wind model is approx-
imately given by Fν ∝ ν
−s/2 ∝ ν−1.1. Specific implica-
tions of GW+EM170817 are described in Section 2.3.
2.2. Long-lived spinning neutron star
The birth of a rapidly-rotating, massive NS just
after the coalescence seems ubiquitous, as has been
found in a series of fully relativistic numerical sim-
ulations (e.g., Shibata & Uryu 2000; Shibata et al.
2005; Sekiguchi et al. 2011; Hotokezaka et al. 2013;
Kiuchi et al. 2017). The lifetime of the massive NS de-
pends on the nuclear EoS, and a very long-lived spinning
NS can be formed for sufficiently stiff EoSs especially in
a low-mass NS-NS merger. Due to the large angular
momentum of the binary system, the immediate rem-
nant is typically expected to have an extremely rapid
rotation with a rotation period of Pi ∼ 1 ms (but see
Ciolfi et al. 2017; Hanauske et al. 2017, for the slower
rotation of the NS core). The amplification of mag-
netic fields also naturally occurs via magnetic field
winding, shear instability, and magneto-rotational in-
stability (Price & Rosswog 2006; Zrake & MacFadyen
2013; Kiuchi et al. 2015; Kiuchi et al. 2017). Although
the formation of ordered magnetic fields (e.g., via
the dynamo mechanism; Duncan & Thompson 1992;
Giacomazzo et al. 2015) is still under debate, the rem-
nant NS may acquire a strong large-scale magnetic field
with B∗ ∼> 10
15 G.
While the set of spin-down parameters, Pi and B∗,
is uncertain, the phenomenological consequences of
such a long-lived pulsar or magnetar have largely
been investigated in various contexts, which include
SGRBs, isotropic optical and X-ray counterparts of
GW sources, and fast radio bursts (e.g., Dai & Lu
1998; Zhang & Me´sza´ros 2001; Dai et al. 2006;
Fan & Xu 2006; Metzger et al. 2008; Shibata et al.
2011; Rowlinson et al. 2013; Totani 2013; Yu et al. 2013;
Metzger & Piro 2014; Gao et al. 2015; D’Orazio et al.
2016; Murase et al. 2017; Piro et al. 2017). Assuming
the formula of Gruzinov (2005) for an aligned rotator,
the injection luminosity and the energy injection
time are given by the spin-down luminosity and the
spin-down time as
Linj ≈ Lsd≈
4π4B2∗R
6
∗P
−4
c3
≃ 1.4× 1048 erg s−1 B2∗,16.5P
−4
−2R
6
∗,6 (12)
and
tinj ≈ tsd ≈
P 2i Ic
3
2π2B2∗R
6
∗
≃ 130 s B−2
∗,16.5P
2
i,−2R
−4
∗,6, (13)
where Pi is the initial rotation period, B∗ is the dipole
magnetic field at the surface, and I is the moment of
inertia. In particular, the long-lived pulsar model has
been very popular to explain the extended emission of
SGRBs, and the observations can be well explained with
B∗ ∼ a few × 10
16 G and Pi ∼ 10 ms (Gompertz et al.
2013; Murase et al. 2017). While this spin period seems
longer than the typical value of Pi ∼ 1 ms, such val-
ues seem necessary to explain very late emission such
as plateaus in the long-lived pulsar model (Fong et al.
2014). Thus, allowing for arbitrary spin-down param-
eters, we consider both the modest and high opacity
cases, as in the previous subsection. However, recent
numerical studies have indicated that a long-lived NS
is accompanied by long-lasting neutrino emission, lead-
ing to a higher value of the electron fraction, Ye (e.g.,
Lippuner et al. 2017). If this is the case, the modest
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opacity would be more favorable for long-lived NS rem-
nants.
Studies of Galactic pulsar wind nebulae suggest that
almost all the spin-down power is extracted in the form
of a Poynting flux, and eventually released as non-
thermal nebular emission rather than thermal radiation.
The Poynting-dominated pulsar wind is accelerated to
relativistic speed although its evolution beyond the light
cylinder has been under debate. In this work, follow-
ing Murase et al. (2015) and Omand et al. (2017), we
make the ansatz that microphysical parameters of em-
bryonic pulsar wind nebulae are the same as those of
young pulsar wind nebulae, in which it is assumed that
electrons and positrons are accelerated with a broken
power law with s1 = 1.5 and s2 = 2.5 with a break
Lorentz factor γb = 10
5. The magnetic energy fraction is
set to ǫB = 0.003 and the rest of the energy (ǫe = 1−ǫB)
is used for the acceleration of electrons and positrons.
In the very early stages of the nebular evolution, non-
thermal emission can be thermalized even inside the neb-
ula (Metzger & Piro 2014; Fang & Metzger 2017). At
late times, given that the pulsar wind is highly relativis-
tic beyond the light cylinder, the pair density quickly
drops, and subsequently the thermalization of non-
thermal photons starts to occur instead in the merger
ejecta. When intra-source electromagnetic cascades do
not occur in the so-called saturated cascade regime, it
is relevant to solve kinetic equations to discuss high-
energy signatures that can escape from the nebula and
ejecta (Murase et al. 2015).
In Figure 5, we show thermal bolometric light curves
of the thermal luminosity, Lth. The ejecta mass and ve-
locity are assumed to be M = 0.02 M⊙ and V = 0.2 c,
respectively. If a long-lived NS exists with Pi ∼ 1 ms,
the energy injection from the pulsar can readily ex-
ceed that from radioactive nuclei unless the magnetic
field is less than ∼ 1010 G. The spin-down time can
be much shorter than the photon breakout time if the
magnetic field is strong enough, in which case the radi-
ation luminosity is not far from that of the radioactive-
decay-powered one. However, the ejecta speed becomes
close to c, which is at least different from the case of
GW+EM170817. The case of B∗ = 5 × 10
16 G and
Pi = 10 ms, which is motivated by SGRB extended
emission, keeps the ejecta speed comparable to the orig-
inal ejecta velocity and could put an energy injection at
early times. Even if the long-lived pulsar model does not
explain GW+EM170817, such a long-lived NS remnant
could be born in low-mass NS-NS binaries. Our study
here allows for the possible variety of NS remnants.
In Figure 6, we show spectra of embryonic pulsar
wind nebulae embedded in the merger ejecta. The spec-
tra consist of synchrotron and inverse-Compton com-
ponents, and the latter is dominant in the GeV-TeV
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Figure 5. Thermal bolometric light curves of thermal radi-
ation from a NS-NS merger leading to a long-lived NS. A
possible contribution from the spin-down energy is included.
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Figure 6. High-energy photon spectra of a long-lived pulsar
left as a compact remnant of the NS-NS merger, at t = 106 s
(thick curves) and t = 107 s (thin curves). The distance is
set to d = 40 Mpc.
range (Murase et al. 2015). In the case of B∗ = 10
15 G
and Pi = 3 ms, the external inverse-Compton compo-
nent due to up-scattering of thermal photons is promi-
nent, making the broadband spectrum as flat as EFE ∝
const. even beyond E ∼ mec
2. Hard X-ray emis-
sion with a very hard spectrum is also expected above
∼ 10− 100 keV. Note that the rotation energy for Pi ∼<
10 ms is Erot ∼> 4× 10
51 erg, which can exceed ∼ 5Eej =
(5/2)MV 2 ∼ 4 × 1051 erg (Suzuki & Maeda 2017), so
a wind bubble breakout occurs through Rayleigh-Taylor
instabilities, which allows more X-rays to escape, would
occur. Here Eej is the ejecta kinetic energy. Note that
the gamma-ray attenuation by the extragalactic back-
ground light is not included in this work.
We show the X-ray light curves in Figure 7 and the
radio light curves in Figure 8. Using NuSTAR, with sen-
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Figure 7. X-ray light curves from a long-lived pulsar as a
merger remnant, for E = 3 keV (thick curves) and E =
30 keV (thin curves).
sitivity EFE ∼ 10
−14 erg cm−2 s−1, hard X-ray emis-
sion from the embryonic nebula with B∗ = 10
15 G and
Pi = 3 ms is detectable up to z ∼ 0.2 − 0.3. The de-
tection prospects are quite sensitive to the spin-down
parameters. We find that radio and sub-mm obser-
vations are more promising, which is consistent with
Murase et al. (2016), who proposed synchrotron nebu-
lar emission as a probe of the connection between fast
radio bursts and pulsar-driven supernovae, including
super-luminous supernovae. High-frequency radio emis-
sion can escape around ∼ 106 − 107 s thanks to the
small ejecta mass, the fast velocity, and the expectation
that the ejecta are largely neutral. In the case where
B∗ = 10
15 G and Pi = 3 ms, the sub-mm emission
can be detected up to z ∼ 1.5 by ALMA with sensi-
tivity of ∼ 0.01 mJy. Note that the radio synchrotron
spectrum (which cannot be harder than Fν ∝ ν
−0.5) is
Fν ∼ ν
−0.8 − ν−0.7 in our cases (see Murase et al. 2016,
for a detailed discussion), and it declines as Fν ∝ t
−2.
The long-lived pulsar model can be discriminated from
the BH disk wind model, the merger ejecta shock model,
and the GRB afterglow model, by using the spectral in-
dex and the time evolution.
Finally, we show gamma-ray light curves in Figure 9.
The gamma-ray breakout time obtained by numerical
calculations is consistent with the analytical estimate
given in Equation (6). For Pi ∼ 1 − 3 ms and B∗ ∼
1013 − 1015 G, the GeV gamma-ray flux is estimated to
be EFE ∼ 10
−12 − 10−10 erg cm−2 s−1 (d/40 Mpc)
−2
,
which can be detected by Fermi which has sensitivity
EFE ∼ 10
−11 erg cm−2 s−1 in the GeV range. TeV
emission is usually suppressed by the Klein-Nishina ef-
fect, which makes detections more challenging. But such
nebular emission can be much brighter than the for-
ward shock emission by the merger ejecta (Takami et al.
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Figure 8. High-frequency radio light curves from a long-
lived pulsar as a merger remnant, for ν = 100 GHz (thick
curves) and ν = 10 GHz (thin curves).
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Figure 9. Gamma-ray light curves from a long-lived pulsar
as a merger remnant, for E = 1 GeV (thick curves) and
E = 100 GeV (thin curves).
2014). More generally, we conclude that gamma-ray de-
tection of a pulsar remnant is possible when the spin-
down time is sufficiently long, in which case very bright
optical transients will also be present (cf. Figure 5).
2.3. Implications from X-Ray and Radio Observations
of GW+EM170817
In the previous sections, we have studied non-thermal
emission expected in the post-merger phase. While our
purpose is to provide a general study rather than a spe-
cific study on GW+EM170817, it would be interesting
to discuss the consequences for this object.
X-ray observations have been reported by vari-
ous authors (Evans et al. 2017; Margutti et al. 2017;
Troja et al. 2017). In particular, Chandra detected weak
X-ray signals with EFE ∼ 5 × 10
−15 erg cm−2 s−1, 9 d
and 15 d after the GW and GRB events. The non-
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detection of earlier X-ray emission excludes on-axis af-
terglow emission from a highly relativistic jet. While
the observed emission could be explained by mildly rel-
ativistic outflows (Evans et al. 2017; Troja et al. 2017),
the most natural explanation for these observations is
off-axis afterglow emission by a canonical SGRB jet,
with a viewing angle of θ ∼ 30 deg (Kim et al. 2017;
Margutti et al. 2017; Troja et al. 2017). Intriguingly,
the same afterglow model with an isotropic-equivalent
kinetic energy of Ek ∼ 10
50 erg and an ambient density
of n ∼ a few×10−3 cm−3 also explains the radio signals,
which were detected with Fν ∼ 0.03−0.04 mJy at 3 GHz
and 6 GHz, ∼ 106 s after the merger (Alexander et al.
2017; Hallinan et al. 2017).
These X-ray and radio data as well as non-detection
by other facilities at different epochs enable us to place
interesting upper limits on long-lasting activity of the
central engine. Swift and NuSTAR have provided up-
per limits with EFE ∼< (3 − 5) × 10
−14 erg cm−2 s−1,
from ∼ 1 d to ∼ 30 d after the coalescence (Evans et al.
2017), and late-time observations are especially im-
portant for the purpose of searching for the compact
merger remnant (e.g., the upper limit by NuSTAR at
t ∼ 30 d). These upper limits can now be com-
pared to the results shown in Figure 3. The disk emis-
sion model predicts that X-ray emission can escape
∼ 30 − 100 d after the merger, so the X-ray emis-
sion observed by Chandra is unlikely to be the remnant
origin. NuSTAR provided an interesting upper limit,
EFE ∼< 3 × 10
−14 erg cm−2 s−1, at t ∼ 30 d. While
this is consistent with our fiducial case, the NuSTAR
upper limit implies that the disk luminosity should be
constrained to be Ldisk ∼< 10
41 erg s−1. Thus, based on
Equation (10), the fall-back disk with Ldisk ∼> 100LEdd
is ruled out. This leads to constraint, ηrad ∼< 100, if
t < ttr, i.e., M˙0 ∼> 3 × 10
−3 M⊙ s
−1. Or we simply
have M˙0 ∼< 3 × 10
−3 M⊙ s
−1. Interestingly, Figure 3
suggests that further late-time observations can be crit-
ical. The X-ray emission from the fall-back disk in the
keV range should be suppressed at relatively early times,
but it would become prominent at t ∼ 107 s ∼ 100 d.
With a deep observation by Chandra, with an energy
sensitivity of EFE ∼ 10
−15 erg cm−2 s−1 (in an integra-
tion time of 3× 105 s), the associated X-ray signal may
be detected; otherwise the non-detection will give us an
upper limit of Ldisk ∼< 10LEdd, leading to ηrad ∼< 10 or
M˙0 ∼< 3× 10
−2 M⊙ s
−1.
We also point out that late-time optical/IR observa-
tions give us independent constraints. Since X-ray emis-
sion is absorbed in the ejecta at early times, the disk
emission model cannot have a high luminosity. From
Figure 1, we find that the observed bolometric lumi-
nosity in the optical/IR band at ∼ 10− 20 day suggests
Ldisk ∼< (10−20) LEdd (e.g., Kilpatrick et al. 2017). This
also indicates that further late-time observations in the
IR band give us useful information. However, since X-
rays start to escape at tHX−thin ∼ 10 − 50 d, detailed
studies on the thermalization in the ejecta are necessary
to place reliable constraints.
X-ray observations can also constrain the pulsar
model. While such a model may be disfavored in
light of neutrino effects on the r-process nucleosynthe-
sis (Lippuner et al. 2017), X-ray observations indepen-
dently require that the energy injection time (tinj) be
sufficiently long, and/or the injection luminosity (Linj)
be sufficiently low. If tinj ≈ tcollapse, Figure 7 suggests
that the spin-down parameters motivated by SGRB ex-
tended emission can easily avoid such constraints.
High-frequency radio observations may be more pow-
erful for testing the long-lived pulsar model. Figure 8 in-
dicates that bright synchrotron nebular emission can be
expected in this model. In particular, ALMA reported
interesting upper limits, Fν ∼< 0.1 mJy at 338.5 GHz,
t ∼ 4 × 106 s after the coalescence (Kim et al. 2017),
and Fν ∼< 0.04 mJy at 97.5 GHz, t ∼ 15− 30 d after the
coalescence (Alexander et al. 2017). The cases with
(B∗, Pi) = (10
15 G, 3 ms) and (B∗, Pi) = (10
13 G, 1 ms)
are clearly ruled out, as already indicated by Figure 5
via optical/IR observations. Interestingly, we find that
even the case of B∗ = 5×10
16 G and Pi = 10 ms (where
the parameters are motivated by SGRB extended emis-
sion while the bolometric luminosity remains consistent
with the observations) is only marginally consistent with
the ALMA upper limit. More detailed parameter scans
are beyond the scope of this work, but this demonstrates
that the existence of the long-lived pulsar can be con-
strained independently of the GW signals and the opti-
cal/IR emission (that originates from the thermalization
of the nebular emission).
High-frequency radio emission can be expected even
if the remnant is a BH in the dissipative outflow model.
As shown in Figure 4, the synchrotron flux from the
BH wind nebula is Fν ∼ 0.001 mJy, which is consistent
with the current upper limits although further late-time
radio observations could be more useful. Note that in
this model, the outflow rate should satisfy ηwM˙d ∼< 3×
10−3 M⊙ s
−1 for Vw = 0.3 c, otherwise the thermal
bolometric luminosity would be affected.
Note that radio signals from wind nebulae should
be quite different from those produced by the off-axis
jet (e.g., van Eerten et al. 2010) and merger ejecta (e.g.,
Nakar & Piran 2011), in the sense that low-frequency
radio emission should be suppressed more strongly. In-
deed, the spectral index of the radio signal at 3 and 6
GHz does not show absorption features (Hallinan et al.
2017) so that the early radio emission arises from the
optically-thin forward shock of the SGRB afterglow.
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3. GEV-TEV GAMMA-RAYS?
The high-energy signatures discussed in the previ-
ous section are expected even for off-axis observers.
Whereas the X-ray and radio signals can be used as
a powerful probe, our results suggest that GeV-TeV
gamma-rays coming directly from the hidden merger
remnant are difficult to detect, at least for the pa-
rameters favored by GW+EM170817. In this section,
we discuss high-energy emission that involves a SGRB
jet. Such emission is the most powerful for on-axis ob-
servers, but weaker signals may be detected for off-axis
observers.
3.1. Up-scattered Long-Lasting Engine Emission
For an on-axis observer, extended and plateau emis-
sion from SGRBs have been observed as well as X-ray
flares, so these emission components are most natu-
rally explained as late-time internal dissipation via in-
ternal shocks or magnetic reconnections or photospheric
dissipation (e.g., Ghisellini et al. 2007; Murase et al.
2011). It seems unlikely that every merger event
has an isotropic luminosity comparable to that of
the observed luminosity of late-prompt emission from
SGRBs (Fong et al. 2014). At least, both X-ray and op-
tical/IR observations of GW+EM170817 strongly con-
strain underlying X-ray components, indicating that
long-lasting SGRBs emission should be beamed if it ex-
ists.
If the dissipation region is close to the central engine
or is highly relativistic, off-axis observers cannot observe
such long-lasting X-ray and gamma-ray emission. On
the other hand, a relativistic jet that is responsible for
prompt SGRB emission is decelerated so quickly that its
Lorentz factor would become relatively low. Indeed, the
deceleration time for an on-axis observer is estimated
to be Tdec ≃ 10 s E
1/3
k,50n
−1/3
−3 (Γ0/300)
−8/3
, where Ek is
the isotropic-equivalent kinetic energy, n is the ambi-
ent density, and Γ0 is the initial bulk Lorentz factor.
For an adiabatic relativistic blast wave expanding into
environments with constant density, the bulk Lorentz
factor is estimated to be Γ(T ) ≃ 44 E
1/8
k,50n
−1/8
−3 T
−3/8
3 ,
and the corresponding external shock radius is given by
R(T ) ≃ 2.3× 1017 cm E
1/4
k,50n
−1/4
−3 T
1/4
3 .
The standard afterglow model (for a review see
Me´sza´ros 2006, and references therein) has success-
fully explained multi-wavelength data of GRBs in-
cluding SGRBs. Non-thermal electrons are accel-
erated with an injection Lorentz factor of γe,i ≃
2.3 × 103ǫe,−1f
−1
e (gs/g2.4)E
1/8
k,50n
−1/8
−3 T
−3/8
3 , where fe
is the number fraction of non-thermal electrons and
gs = (s − 1)/(s − 2). The cooling Lorentz fac-
tor of electrons is estimated to be γe,c ≃ 6.2 ×
103ǫ−1B,−2E
−3/8
k,50 n
−5/8
−3 T
1/8
3 (1 + Y )
−1
(e.g., Granot & Sari
2002), where Y is the total Compton Y parameter.
High-energy gamma-rays can be produced by the
inverse-Compton radiation process, in particular in af-
terglow shocks with external photons from the long-
lasting jet (e.g., Me´sza´ros & Rees 1993; Fan et al. 2008).
In the presence of late prompt emission (i.e. extended
emission, plateau emission, and X-ray flares), not only
synchrotron self-Compton but also external inverse-
Compton processes by forward external shock electrons
become important. The extended emission and plateau
components can be described by a broken power law,
EFLPE (T ) ∝
LLP
4πd2
∝

 T
−αfl (T < Ta)
T−αst (Ta ≤ T ),
(14)
where EFLPE is the energy flux, LLP is the luminosity,
Ta ∼ 10
2.5 s is the break time for extended emission
and Ta ∼ 10
4 s is for plateau emission. Throughout this
work, we use αfl = 0 and αst = 40/9 (Kisaka & Ioka
2015; Kisaka et al. 2017). We use a luminosity at the
break energy, LbLP = 10
49 erg s−1, and Eb = 1 keV
for the extended emission, while we adopt LbLP =
1047 erg s−1 and Eb = 0.1 keV for the plateau emis-
sion.
For a given time-dependent seed photon field from
an inner source close to the central engine, the exter-
nal inverse-Compton emission spectrum observed for
an on-axis observer is calculated by the following for-
mula (Murase et al. 2011; Murase et al. 2010),
FEICE (T )=
3
2
σT
∫
dr
r
(1 − cos ϑ˜)
∫
dγe
dne
dγe
∆˜
∫
dy (1− ξ)
×
[
1− 2y + 2y2 +
ξ2
2(1− ξ)
]
FLP,bE (r)G(ε)
(1 + Γ2ϑ2)
2 (15)
where y ≡ ξmec
2
2(1−cos ϑ˜)γeε(1−ξ)
and ξ ≡ (1+Γ
2ϑ2)E
2Γγemec2
.
The distribution of electrons in the comoving frame
is dne/dγe ∝ γ
−s
e , and ∆˜ ≈ ΓcT is the comoving
shell size. The scattering angles ϑ and ϑ˜ of exter-
nal inverse-Compton photons are measured in the cen-
tral engine frame and the comoving frame, respectively.
The function G(ε) represents the spectrum of seed pho-
tons with energy ε in the comoving frame. We use
G(ε) = (ε/εb)
−βl+1 for ε < εb and G(ε) = (ε/εb)
−βh+1
for εb ≤ ε, respectively, with βl = 0.5 and βh = 2.0 as
photon indices.
For viewing angle, θ, and jet opening angle, θj , we
calculate emission for off-axis observers in a simplified
approach (Granot et al. 2002). Introducing η ≡ Γ(1 −
(v/c))δ(∆θ) (where v is the jet velocity corresponding to
Γ), we use the relationship, FE(t) = η
3FE/η(ηt), where
∆θ ≡ θ − θj and δ(∆θ) = [Γ(1 − (v/c) cos∆θ)]
−1
(see
also Ioka & Nakamura 2001). Although this prescrip-
tion for a top-hat jet only gives approximate results, it is
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Figure 10. Light curves of high-energy gamma-rays gen-
erated by external inverse-Compton radiation, for E =
100 GeV. Three different viewing angles (measured from
the jet axis) are considered, and extended emission with
Ta = 10
2.5 s and plateau emission with Ta = 10
4 s are as-
sumed as seed photons. The distance is set to d = 40 Mpc.
sufficient for the purpose of this work. For more detailed
evalulation, one needs to calculate the equal-arrival-time
surface for an off-axis observer, taking into account the
anisotropy of inverse-Compton scattering, as well as the
possible jet structure (e.g., Me´sza´ros et al. 1998).
The results are given in Figures 10 and 11. The after-
glow parameters are Ek = 2× 10
50 erg, n = 10−3 cm−3,
ǫe = 0.1, ǫB = 0.01, s = 2.2, and θj = 0.2. For an
on-axis observer, the duration of the external inverse-
Compton radiation is comparable to Ta. The result-
ing inverse-Compton radiation is so bright that it is de-
tectable up to ∼ 300 Mpc with Fermi-LAT, HAWC,
and current imaging atmospheric Cherenkov telescopes
such as MAGIC, VERITAS, HESS, and CTA in fu-
ture. In particular, CTA is expected to be powerful due
to its high sensitivity of EFE ∼ 10
−12 erg cm−2 s−1
at 100 GeV and EFE ∼ 10
−13 erg cm−2 s−1 at
1 TeV (Inoue et al. 2013). On the other hand, the dura-
tion of off-axis emission is significantly longer, of order
t ∼ 1 − 10 d for θ ∼ 15 − 30 deg. However, in this
simple top-hat jet model, the expected gamma-ray flux
becomes significantly lower as the viewing angle is larger
than θj .
3.2. Implications from GeV-TeV gamma-ray
observations of GW+EM170817
An MeV gamma-ray counterpart of GW+EM170817
was detected, which is identified with GRB
170817A (Abbott et al. 2017c; Savchenko et al. 2017).
The origin of the MeV gamma-ray emission, which
is under debate, could be, e.g., off-axis jet emission,
or on-axis emission from mildly relativistic outflows
including a cocoon formed by a jet drilling through the
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Figure 11. Gamma-ray spectra corresponding to Figure 10.
For extended emission with Ta = 10
2.5 s, the spectrum at
t = 102 s is shown (top curve), and the viewing angle is set to
θ = 0 deg. For plateau emission with Ta = 10
4 s, the spectra
at t = 104 s, t = 2.5 × 104 s, and t = 8.2 × 105 s are shown
(from the second top to bottom), and the viewing angles are
θ = 0 deg, θ = 15 deg, and θ = 30 deg, respectively.
merger ejecta. On the other hand, GeV gamma-rays
associated with GRB 170817A have not been detected
by observations, and there are only upper limits, e.g.,
EFE ∼< 2× 10
−9 erg cm−2 s−1 in the 1− 100 GeV range
for tGW + 1153 s to tGW + 2027 s (Ackermann et al.
2017).
For the purpose of searching for long-lasting gamma-
ray emission described in this paper, we have also ana-
lyzed the Fermi-LAT data positionally coincident with
the optical counterpart of the LIGO event (RA =
197.45◦,DEC = −23.3815◦) and temporally selected be-
tween 2017 August 17 to 2017 September 17 (524620805
to 527299205 MET). The analysis was performed with
ScienceTools v10r0p5 using the P8R2 SOURCE V6 in-
strument response function. Events were selected from
within a 21.2◦ × 21.2◦ region, centered on the counter-
part position, defining our region of interest (ROI). Fur-
ther cuts were made by selecting SOURCE class photons
of energies ranging from 0.1 – 300 GeV and filtered for
data-taking periods corresponding to good time inter-
vals using gtmktime. Data were then binned spatially in
0.1◦ sized-pixels and in energy with 34 logarithmically
uniform bins. A 50◦ × 50◦ exposure map was created,
centered on the source position, using the same binning
as the ROI. A larger exposure map was used to account
for potential contributions from sources not in our ROI –
a consequence of Fermi-LAT's large point-source spread-
ing function at low energies.
The region is modelled with all known 3FGL sources
within 25◦ along with the Galactic, gll iem v06, and
isotropic, iso P8R2 SOURCE V6 v06, diffuse emission
templates. Except for the normalization of the vari-
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Figure 12. The gamma-ray upper limits by the Fermi-LAT
data, obtained for GW+EM170817. The data were analyzed
for 1 d (thin data) and 10 d (thick data) since August 17 in
2017. The CTA sensitivity is overlaid for comparison.
able 3FGL sources and the isotropic diffuse emission, all
other source parameters were fixed. The normalization
of the Galactic diffuse model was fixed given the source's
high Galactic latitude (b = 39.3◦). The event is mod-
eled with a simple power law where the normalization
was left free while the photon index and pivot energy
were fixed to γ = 2.0 and 100 MeV, respectively. The
integrated flux and significance were then determined
using a binned likelihood approach with the pyLikeli-
hood module and BinnedAnalysis functions, utilizing the
NewMinuit optimizer. We correct for energy dispersion,
given LATs poor energy resolution for E ∼< 300 MeV
photons, during the likelihood fitting. Our fits show
no significant gamma-ray emission from such a source
at this position. A 95% upper limit was calculated for
the source using IntegralUpperLimit ; a Python module
part of the Fermi ScienceTools package. We calculated
a time integrated spectrum for 1 and 10 days after the
event, with the same procedure as above, for 4 energy
bins (see Figure 12). Note that our results are consis-
tent with the independent analyses by the Fermi-LAT
Collaboration (Ackermann et al. 2017).
The gamma-ray limits presented in Figure 12 are con-
sistent with the off-axis predictions of external Compton
emission shown in Figures 10 and 11. HESS reported
an upper limit on the TeV gamma-ray flux, EFE ∼<
10−12 erg cm−2 s−1 (H. E. S. S. Collaboration et al.
2017), which is also consistent with the off-axis inter-
pretation of the canonical jet with θ ∼> 15 deg. Gamma-
ray emission from a long-lived pulsar, which is shown in
Figure 9, is also consistent with the non-detections of
GeV-TeV gamma-rays.
4. SUMMARY AND DISCUSSION
The recent observations of GW+EM170817 support
the physical link between SGRBs and NS-NS merg-
ers, but details of their connection are not yet under-
stood. To reveal the compact remnants from NS-NS
mergers and figure out their roles as the central en-
gine of “long-lasting” SGRB emission, we investigated
the high-energy signatures originating from a BH with
a disk and a long-lived pulsar. We showed that GeV-
TeV gamma-rays are produced as a consequence of such
prolonged activity of the central engine at the external
shocks, through up-scatterings of late-prompt photons
generated by internal dissipation in the jet.
Regarding the late-time emission from the BH-disk
system, we considered two possibilities, the disk emis-
sion model and the dissipative outflow model. In the
former model, if the accretion rate is as high as the value
required to explain the ubiquitous SGRB plateau emis-
sion and late-time flares, X-rays from the disk or the
corona can be seen for nearby merger events at 30−100 d
after the coalescence. Deep X-ray observations reaching
Ldisk ∼ LEdd are desirable, with which we can examine
whether the accretion mode is super-Eddington or not,
and which will enable us to constrain M˙d and to test
the remnant disk model as the central engine of long-
lasting SGRB emission. In future, more NS-NS merger
events will be detected by LIGO and Virgo, and ulti-
mate X-ray missions such as Athena+ will enable us
to test the late-time accretion scenario for long-lasting
SGRB emissions and probe the fall-back process in NS-
NS mergers. The X-ray and optical/IR observations of
GW+EM170817 indicate Ldisk ∼< (10 − 100)LEdd, and
we encourage further late-time observations by Chandra
and by IR telescopes to test the possibility of the long-
lasting accretion onto the central remnant. With the
data that are currently available, we cannot yet exclude
the possibility that super-Eddington accretion occurs.
But, even so, ηrad ∼> 10 − 100 is unlikely. The observa-
tions are also consistent with the theoretically inferred
fall-back rate. On the other hand, disk-driven outflows
may exceed the super-Eddington rate, but the compat-
ibility with the kilonova/macronova emission suggests
M˙0 ∼< 10
−2 M⊙ s
−1, if fall-back evolution is assumed.
In the latter model, high-frequency radio signals from
the BH wind nebula can be expected as well as ordinary
radio emission from the forward shock of the merger.
As an alternative model, we also calculated non-
thermal nebular emission from the long-lived pulsar sys-
tem. Given that the pulsar is an efficient accelerator of
electrons and positrons, as suggested by the observa-
tions of Galactic pulsar wind nebulae, not only X-rays
but also gamma-rays and radio waves from embryonic
pulsar wind nebulae may serve as signatures of the long-
lasting central engine. Although the expected fluxes are
sensitive to the spin-down parameters, we found that
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strongly magnetized pulsars with Pi ∼ 1− 3 ms lead to
bright nebular emission even in the high-frequency ra-
dio and in the gamma-ray range. However, there have
been no observational indications of such embryonic
nebulae, for both SGRBs and NS-NS mergers such as
GW+EM170817. Even in the case of GW+EM170817,
we demonstrated that high-frequency radio observa-
tions start to constrain the pulsar-driven model for the
spin-down parameters motivated by SGRB extended
emission. This is complementary to the previous ef-
forts in the context of SGRBs, in which radio obser-
vations have provided meaningful constraints on the
possibility that the ejecta are mainly powered by the
spin-down energy (Metzger & Bower 2014; Horesh et al.
2016). These implications of GW+EM170817 could im-
ply that the massive NS may have collapsed into a BH af-
ter a while or the large-scale magnetic field is extremely
weak.
So far, we focused on the BH disk model and long-
lived pulsar model, both of which has been suggested as
a possible explanation for SGRB long-lasting emission.
On the other hand, the former model requires a higher
accretion rate while the origin of the large rotation en-
ergy is unclear in the latter model. These could be over-
come by a hybrid model involving both a spinning NS
and BH with a remnant disk. The massive NS may
act as the magnetar central engine to produce relativis-
tic jets (e.g., Usov 1992), and eventually become a BH
after losses of its angular momentum. Phenomenologi-
cally, the injection luminosity and the energy injection
time are written as
Linj ≈ Lsd (16)
and
tinj ≈ tcollapse, (17)
where tcollapse is the BH formation time and only a
fraction of Lsd may be injected into the quasi-isotropic
ejecta. Extended emission could be attributed to
tcollapse, during which the fall-back accretion may be
prevented by the proto-NS wind or heating from the
massive NS. Other late-time emission such as plateaus
or flares may be attributed to the delayed accretion
onto the BH. Scanning the phenomenological parame-
ter space of Linj and tinj are left for future work. Note
that the above hybrid scenario can also be tested by late-
time X-ray and optical/IR observations, as discussed in
Section 2.1.
If tcollapse is shorter than any of the diffusion time
for thermal photons, tHX−thin, tγ−thin and so on, then
high-energy signatures of massive NSs would be more
difficult to detect by electromagnetic wave observations
(although dedicated observations of GWs are promis-
ing). Nevertheless, there may be diversity in the NS-
NS binaries, in which case we would expect different
kinds of transients. In particular, a low-mass NS-NS
binary could end with the coalescence leaving a long-
lived NS, which could be accompanied by bright, multi-
wavelength nebular emission . Interestingly, the prop-
erties of non-thermal nebular emission are quite similar
to those studied in the context of fast radio bursts and
super-luminous supernovae (Murase et al. 2016), except
that the ejecta mass is larger and the composition is
heavier. If young neutron stars (including magnetars
and fast-spinning pulsars) are responsible for fast radio
bursts, the remnants of the low-mass NS-NS binaries
could be the sources of fast radio bursts, and association
with fast-cooling synchrotron nebular emission, which
we studied in this work, is expected. Pulsar-driven op-
tical transients have been expected not only at the end of
the NS-NS system (e.g., Yu et al. 2013; Metzger & Piro
2014; Gao et al. 2015; D’Orazio et al. 2016) but also at
the birth of the NS-NS system (e.g., Hotokezaka et al.
2017a).
Non-thermal emission at different energies will be use-
ful for probing the properties of the merger ejecta. Op-
tical/IR photons, X-rays, and radio waves interact with
the ejecta material differently, depending on composi-
tion and ionization. Gamma-rays can propagate without
dependence on the details of the atomic states, which po-
tentially enables us to probe deeper regions closer to the
central engine. Neutrinos have much higher penetration
power, which may enable us to get more critical infor-
mation on the central engine (e.g., Murase et al. 2009;
Fang & Metzger 2017).
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